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Abstract 
With increasing energy demand, it necessitates to generate and transmit the electrical power with minimal losses. 
High voltage power transmission is the most economical way of transmitting bulk power over long distances. 
Transmission insulator is one of the main components used as a mechanical support and to electrically isolate the 
conductor from the tower. Corona from the hardware and conductors can significantly affect the performance of the 
polymeric insulators. In the present investigation a methodology is presented to evaluate the corona performance of 
the polymeric shed material under different environment conditions for both ac and dc excitation. The results of the 
comprehensive analysis on various polymeric samples and the power released from the corona electrode for both the 
ac and dc excitation are presented. Some interesting results obtained from the chemical analysis confirmed the 
presence of nitric acid species on the treated sample which in long term will affect the strength of the insulator, also 
the morphological changes were found to be varying for different experimental conditions. 
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1. Introduction 
   Demand for electrical energy is increasing rapidly with time. India witnessed the increase in energy 
demand from 607 billion Units (BU) to 639 BU during 2013-2014 [1]. High voltage transmission 
systems, particularly insulators (ceramic, glass or polymeric) play a major role in the reliable power 
transmission over long distances. Polymer insulators which have better advantages over the conventional 
ceramic or glass insulators in terms of their pollution performance, weight reduction, hydrophobicity 
recovery etc [2], as polymer insulators are made of organic material, they experience the degradation over 
a period of time. Corona on the surface of the insulators is of particular interest as this energy input 
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resulting from the impact will cause the surface damage [3]. Corona discharges that originate due to the 
improper hardware in the transmission system has been regarded as one of the prime factors for the 
degradation of polymer insulators [4-6]. Polymer insulator’s resistance to corona and ozone is considered 
by CIGRE[7] as one of the physical parameters which requires serious attention and  standardization. It is 
a well known fact that, the corona will enhance under the mist or fog condition [8]. Corona investigations 
for both ac and dc excitations have been carried out under normal air, coldfog and acidic fog conditions 
on various types of polymeric insulating samples. The results presented from this investigation are 
believed to be useful in better understanding of the corona degradation experienced by the polymeric 
insulators in the service under different environmental conditions.   
2. Experimental Arrangement 
Corona experiments with ac and dc excitation have been carried out on three commercially available 
polymer samples of size 10 cm×10 cm×0.2 cm. Samples comprise of two high temperature vulcanized 
(HTV) silicone rubber and one liquid silicone rubber (LSR) from different manufacturers. Two HTV 
silicone rubber samples used for investigation are named as HTV1 and HTV2, having a different 
Aluminum tri-hydrate (ATH) filler concentration. LSR sample consisted of two components mixed in the 
ratio 1:1. One component consist of platinum catalyst for curing and another consist of hydride cross-
linkers. Silica is used as filler for LSR samples. Figure 1 shows the overview of the experimental setup, 
which consist of a specially fabricated corona chamber of dimension 30 cm×30 cm× 30 cm (shown in Fig 
1(b)). The chamber is provided with inlet, outlet, and another valve for analyzing the gases that are 
produced due to corona. Testo-350 make combustion and emission analyzer is used to detect the gases 
formed inside the chamber as result of corona from the multiple needle electrodes (shown in Fig 1(c)).  
The chamber is provided with a continuous air circulation at the rate of 5 l/min, using a 1/16 hp oil free 
pump. Ozone and other gases formed are removed through an outlet valve. The corona is generated by 
using a suitably designed ac/dc generator with input supply of 230 V, 50Hz giving a continuous output 
voltage of 25kV ac and 30kV dc, having a capacitive divider of ratio 5000:1 for measurement. Voltage 
levels of 10 kVrms and 14.4 kV are selected for AC and negative DC corona treatment respectively. The 
gap distance between the sample and the corona electrode is maintained at 15 mm. These parameters are 
selected based on following two factors (1) applied voltage should be sufficient to cause the sustainable 
corona and (2) there should not be any flashover on the sample[9]. 
 
(a) 
 
(b) 
 
(c) 
Fig. 1. (a) Overview of experimental set-up (b) corona chamber (c) multiple needle corona electrode 
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2.1. Simulation of electric field due to corona electrode 
   The multiple needle electrode shown in Fig 1(c) is used for corona generation. This arrangement 
consists of 33 needles of which, height of outer most needles is 9mm, inner ones 11 mm and innermost 
are of 12 mm. It was felt necessary to know the region of the sample which is exposed to the uniform 
electric field to carry out the physico-chemical analysis [4,5], hence, 3D FEM simulation is carried out 
using COMSOL multiphysics software [10]. From the simulation results shown in Fig 2(a), the region of 
uniform electric field exposure is identified on the sample as shown in Fig 2(b).  
2.2. Generation of cold fog and acidic fog 
The fog application of the sample is done by using a specially built fog generator consisting of a  
nozzle arrangement which produces a particle size having a mass median diameter (MMD) of ~ 5 ȝm, 
this is immersed in a small water storage container and is driven by a flow controlled vacuum pump. 
Normal water of conductivity ~220 ȝS/cm is used for fog generation applied to the sample with a 
constant flow rate of 0.2 ml/min. For a generation of acidic fog, acid rain water is prepared as per [11]. 
The conductivity of 1 mS/cm at 250C and pH of the acidic rain water used is 3.3 respectively.   
3. Experimental procedure 
      Each batch of samples were subjected to three types of experiments: normal fog (normal water is 
used), acidic fog (acidic water is used) and a normal air (no fog is applied). Total number of samples used 
is 18.  In case of the normal/acidic fog experiment, simultaneous application of fog is done in a cyclic 
manner as shown in Fig 3. Each experiment consists of five cycles and each cycle consists of two sub-
cycles of 30 min fog application and subsequent 5.5 hours of normal air application. This procedure is 
adopted to simulate the natural environmental conditions to which the insulators are subjected. In case of 
experiments with normal air, natural air is continuously pumped inside chamber at a rate of 5 l/min. 
 
Fig. 3. Test cycle adopted for the fog treatment.    
  
4. Computation of power released during voltage excitation 
      Several techniques [12] have been proposed in the literature for calculation of power released due to 
corona. Present computation adopts simultaneous sampling of the applied voltage and measured leakage 
current, from which instantaneous power is computed for each sampled voltage and the current. Total 
average power is obtained by averaging over the instantaneous values [13].  
 
(a)                                                               
 
 
(b) 
Fig. 2. (a) Variation of the electric field at different heights  
                (b) Encircled region shows part of sample exposed to uniform electric field (2% variation from the maximum field). 
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The corona current is monitored at regular interval of time, from this data power released is computed for 
ac and dc as shown in Table 1.  Figure 4 (a) shows the variation of the corona released power for normal 
fog and normal air application under AC treatment. Corresponding typical current wave-shape for, with 
and without fog application is shown in fig. 4(b) and (c). Power calculation is based on 30 data points 
monitored for each of the experiments. Power variation curve (Fig. 4(a)) is fitted to these data points 
using a shape preserving interpolation technique [14]. It can be seen that prominent four major peaks 
corresponds to the normal fog application, this indicates an increase in current due to the decrease in 
surface resistivity of the sample due to effect of fog application. It can also be observed that during initial 
application of fog an increase in power is low due to the amount of time required for the sample to 
decrease it surface resistivity in spite of fog application.  In case of LSR sample power released during 
normal air and the normal fog condition remained almost same (Table 1). Interestingly, for acid fog 
application, the power released is found to be more this may be because of  higher conductivity of the 
acidic fog than the normal fog. The pollutants which are present in the acidic fog will give rise to higher 
conductivity. In case of DC corona treatment, for normal air, normal fog and acidic fog, power released as 
well as the corona current remained significantly low. This can be attributed to the surface charging effect 
of the polymer sample due to continuous corona and thereby reducing the corona intensity (shielding 
effect), hence the power variation curve is not fitted to DC case.
 
Fig. 4. (a) Variation of power released from corona electrode during normal air and normal fog condition.  
Typical AC corona current wave-shape observed for HTV1 (b) without fog application (c) with fog application.   
Table 1. Variation of current and power during corona treatment for various conditions 
Parameter variation during AC corona treatment 
 HTV1 HTV2 LSR 
 Normal 
air(no fog) 
Normal 
fog 
Acidic 
fog 
Normal 
air(no fog) 
Normal 
fog 
Acidic 
fog 
Normal 
air(no fog) 
Normal 
fog 
Acidic 
fog 
Irms (mA) 0.50 0.74 0.93 0.55 0.86 1.22 0.57 0.50 0.85 
Ipeak (mA) 3.30 5.40 6.20 5.60 6.00 7.84 3.70 2.70 5.78 
Power (W) 2.38 3.53 4.44 2.95 4.07 6.01 2.13 2.31 4.04 
Parameter variation during DC (negative) corona treatment 
Iavg(μA) -25.8 -14.1 -39.8 -15.1 -21.8 -29.6 -7.13 -19.0 -37.5 
Ipeak (μA) -245 -260 -360 -123 -265 -338 -210 -297 -351 
Power (W) 0.33 0.19 0.50 0.20 0.31 0.385 0.08 0.27 0.478 
 
Fig. 5. FTIR spectrum of (a) HTV1 and (b) LSR, fresh sample compared with corona treated samples 
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5. Fourier Transform Infrared Spectroscopy (FTIR) and SEM analysis  
       FTIR is a one of the analytical technique to understand the chemical bonding present in the sample 
material [3]. The FTIR spectroscopy in the present work is carried out using Perkin Elmer spectrometer 
frontier model which is equipped with the MIRacleTM single reflection horizontal attenuated total 
reflection (ATR) accessory having diamond crystal. Figure 5 (a) and (b) show the comparison FTIR 
transmittance spectrum for the fresh and the corona treated samples of HTV1 and LSR respectively, 
results of HTV1 and LSR are presented here. Base polymer for silicone rubber material is 
polydimethylsiloxane (PDMS) which has typical IR signature characterized by C-H symmetric stretching 
in CH3 at 2962 cm-1, CH3 asymmetric stretching at 1260 cm-1, Si-O-Si symmetric stretching at 1008 cm-1 
and Si-C symmetric stretching at 788 cm-1. Apart from the peaks mentioned above the peaks found in the 
region 3700 cm-1 to 3200 cm-1 for HTV1 attributes to the O-H bond present in the ATH. Since silica is 
used as filler material for LSR, these bonds are missing in the corresponding LSR spectra. The region 
3200 cm-1 to 3700 cm-1 in FTIR indicates the formation of O-H bond [3]. It can be observed that for 
HTV1, the characteristic peaks of ATH are getting reduced and a broader transmittance peak has 
appeared. Similarly in case of LSR a broader transmittance peak is observed in the same region. This 
indicates hydroxylation of the PDMS surface. Further, samples which are treated with the fog (both AC 
and DC case) showed prominence effect by having higher transmittance peak in the region 3200 cm-1 to 
3700 cm-1 in comparison to the sample treated in normal air condition. This clearly demonstrates that 
corona in the presence of moisture will result in much higher hydroxylation than under normal condition. 
However a similar effect was observed to be lesser in case of DC corona in comparison to that of AC, 
under normal air condition. With the application of fog, the hydroxylation induced by both AC and DC 
coronas are comparable, which is evident from figure 5. The lesser effect in case of DC corona under 
normal condition may be attributed to the reduction in the corona intensity due to surface charging effect. 
The effect of acid fog treatment on hydroxylation remained to be higher than the normal fog. The possible 
reason could be, the power released during the acidic fog compared to normal fog treatment remained to 
be higher which is evident from Table1. FTIR transmittance peak seen at 1360 cm-1 (in the inset of figure 
5) indicates the nitrogen oxide introduced into the polymer surface [16] giving evidence for the presence 
of nitric acid (HNO3) on the surface of treated samples. This peak is found to be intense for the acidic fog 
case, owing to the presence of nitric acid in the acid rain content. Further, this has been investigated with 
the measurement of gaseous byproduct using gas analyzer, which indicated a 2.2 ppm of NO, 2.3 ppm of 
NO2. These traces of NO and NO2 may have reacted with the moisture to form the HNO3.           
       Scanning electron microscopy(SEM) is used to study the morphological changes on the sample, the 
studies have been carried out using FEI QUANTA FEG 450 make. Before the corona treatment, cracks 
were checked on the fresh sample up-to to magnification of 8000x (10 μm range), no cracks were 
observed as shown in the fig. 6(a). Figures 6 (b)-(d) indicate the formation of cracks due to the effect of 
corona treatment. Propagation of crack in case of AC treatment with normal air and the acidic fog 
followed a particular pattern wherein several minor cracks progressed from the major cracks shown in fig. 
6(b),(d). In case of a normal fog application, cracks have propagated in random passion without following 
any particular pattern and also material rapture has been observed (shown in fig.6(c)). The crack width for 
HTV1 was found to be 1.42 μm  for normal air and 2.54 μm for acidic fog similarly for HTV2 1.38 and 
2.81 and in case of LSR samples it was found to be 1.32 and 1.78 μm respectively. Due to low power 
release during DC treatment measurable crack width was not observed.   
6. Summary and Conclusions                                                                                                                                   
       The computed results for power released due to corona electrodes show that the effect of AC corona 
is found to be more severe than the DC corona. This can be attributed to the surface charging effect of 
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sample due to continuous corona treatment in case of DC. The FTIR analysis conducted on the treated 
sample revealed that hydroxylation is found to be more for the normal fog and acidic fog than in normal 
air treatment. Traces of NO and NO2 were found during the gas analysis. The SEM images of the treated 
samples showed that crack propagation in case of normal air and acidic fog is found to be different when 
compared to that of normal fog condition. In case of DC treatment, no measurable crack width was found.  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 6. SEM images of LSR sample (a) fresh; AC corona treated, (b) with normal air, (c) with normal fog, (d) with acidic fog.   
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